1. The activity of the Na+ pump in an Na+-rich yeast was compared with that in an Na+-rich frog sartorius muscle, and found to be very similar to it over the first hour if both were immersed in fluid containing 104mM-Na+ plus 10mm-K+. 2. The efflux of labelled Na+ from an Na+-rich yeast into an Na+-free medium was investigated. In this Na+-free medium, Li+ or choline replaced the Na+, and the efflux-content curves obtained with either of these ions were very similar. The curves were sigmoid, reaching or approaching a saturation at the higher internal Na+ concentrations. 3. The curves obtained with yeast resembled those similarly obtained with frog sartorius muscle by Keynes & Swan (1959) , Mullins & Frumento (1963) , Harris (1965) and Keynes (1965) . The slope of the plot of the logarithm of the Na+ efflux against the logarithm of the Na+ concentration in the cells reached its highest value at an internal Na+ concentration of 15m-equiv./kg. (27m-equiv./l. of cell water). 4. The effect of external K+ concentration on the efflux-content relationship was examined. An increased K+ concentration was found to increase the Na+ efflux by raising the saturation value, which is similar to observations made by Harris (1965) with frog muscle. 5. The effect of increasing the external carbon dioxide concentration was investigated. No effect on the slope of the plot of the logarithm of the Na+ efflux against the logarithm of the Na+ content was noticed even when the yeast suspension was equilibrated with 100% carbon dioxide. There was, however, a decrease in the amount of Na+ efflux on equilibrating the solution with carbon dioxide.
The present studies with yeast (SaccharomyceM cerevi8iae) were undertaken to make a comparison with similar studies already described for amphibian skeletal muscle (Keynes & Swan, 1959; Mullins & Frumento, 1963; Harris, 1965) on the relationship between Na+ efflux and Na+ content, and the effects of pH and external K+ concentration on such a relationship.
It was shown by Keynes & Swan (1959) that, for low internal Na+ concentrations, the efflux of labelled Na+ into an Na+-free medium, Li+ being substituted for Na+, varied approximately as the cube of the internal Na+ content. Such behaviour was interpreted as indicating the presence of three Na+-specific sites on each of the Na+-carrier molecules. This was confirmed by Mullins & Frumento (1963) , who used choline rather than Li+ to replace the external Na+. The subject was further investigated by Harris (1965) and by Keynes (1965) . Harris (1965) made particular note of the effect of external K+ on raising the Na+ efflux into Na+-free media by raising the saturation value of Na+ efflux.
At the start of the present studies with yeast, it was considered desirable to obtain a measure of the activity of the Na+ pump in yeast and to compare it with that in amphibian muscle. Subsequently efflux of labelled Na+ into Na+-free media was investigated in a similar way to that with frog sartorius muscle. The yeast cells were used in free suspension and also in small quantities of a very rich suspension, of similar bulk to that of a frog sartorius muscle, held in small closed celloidin sacs.
METHODS
Preparation of an Na+-rich yeast. A twice-washed sample of fresh baker's yeast from the Cork Yeast Co. (Cork, Irish Republic) was fermented for 2hr., suspended as 1 part wet wt. in 20vol. of 0 2M-trisodium citrate solution containing glucose (5%, w/v) (Conway & Moore, 1954) . During this fermentation the yeast was shaken in air at room temperature (18°). The Na+-rich yeast was then washed twice with water and centrifuged, and its Na+ content was found to be 60-80m-equiv The total water in the centrifuged yeast was determined by measurement of the dry weight of a weighed yeast sample. The weighed sample of yeast was dried overnight in an oven at 1050. In all experiments described the yeast was washed in 20vol. of water and centrifuged at approx. 1800g for 10min. This was followed by a second washing and centrifugation at 18OOg for 20min. Such a procedure gave an extracellular space value of 23% (Conway & Downey, 1950 Effiux of labelled Na+ from an Na+-rich yeast. To follow Na+ efflux from an Na+-rich yeast, the yeast was labelled with 22Na+ during the fermentation period. In addition to the sodium citrate and glucose, 22NaCl was added to the medium in amounts sufficient to give suitable counts. A sample of the 22Na+-rich yeast was washed twice with water, centrifuged and then washed twice with the solution into which the efflux occurred. This was regarded as having washed out all Na+ from the extracellular spaces. The yeast sample (approx. 100mg.) was then suspended in successive 6 ml. samples of non-radioactive Na+-free solutions for periods of 5, 10, 15 or 30min. at room temperature (18°). After each time-interval the yeast was centrifuged down and the supernatant 22Na+ counted in a well-type crystalscintillation counter. It was arranged in the initial labelling with the 22Na+ that counting rates would never exceed lOOOcounts/min. Mixing of the yeast suspension was carried out by gently bubbling with 02 unless otherwise stated. At the end of the experiment the yeast was centrifuged down and resuspended in a small volume of water. This suspension was boiled for 3min. to rupture the cells andthendilutedto 6ml. with water for determination of the residual radioactivity. The Na+, K+ and Li contents of the yeast at the beginning and the end of the experiment were also analysed on the flame photometer.
In addition to the method of suspending the yeast freely in solution, Na+ efflux was also measured from 22Na+-rich yeast contained in celloidin sacs. The purpose ofplacing the yeast in a sac was to have it resemble the muscle conditions, the sac acting as a thin porous membrane surrounding a mass of yeast cells. The centrifuged yeast cells were suspended in a minimum amount of water, just sufficient to allow for injection of the yeast into the sac, which was then tied securely at both ends and attached to a Perspex frame for support. The sac was made from a 4% (w/v) solution of celloidin in ethanol-ether (1:1, v/v). The celloidin was supplied as celloidin flakes damped with ethanol by Edward Gurr Ltd. (London, S.W. 14). This gave a membrane sufficiently porous to allow the ions under study to pass freely through; with the yeast injected the sac was approx. 0-35 cm. diam. x 3-8cm. long. The closed celloidin sac of yeast attached to the Perspex frame was washed by immersion ofthe sac twice in water and twice in the medium into which the efflux occurred. Efflux of Na+ was considered to begin when the sac on the frame was placed in 6ml. of the non-radioactive Na+-free solution and subsequently moved through a series of test tubes at the required time-intervals in a way similar to the treatment of the sartorius muscle on the frame. Stirring was effected by suspending the frame from a rotating cam driven by a small electric motor and so moving the frame up and down along its axis at the rate of 1 oscillation/sec. (Keynes & Swan, 1959) . The external fluid was mixed by gentle bubbling with a stream of 02. The transfer of the sac containing the yeast from one tube to the next was done by hand as quickly as possible.
The Na+-free solutions into which 22Na+ efflux was measured contained 104mm-LiCl (or 104mm-choline chloride) and 1OmM-KCl with glucose (5%, w/v) added. The pH of the external fluid varied between 4 and 6, depending on the conditions of the experiment. Such variation in the external pH has been shown not to effect Na+ efflux from an Na+-rich yeast (Conway, Ryan & Carton, 1954) .
The total radioactivity (in counts/min.) of the yeast at the mid-time of each collection period was obtained from the sum of the residual radioactivity left in the yeast at the end of the experiment and the radioactivities of all the previous samples added in reverse order. The efflux (in counts/min./min.) could be calculated from the fraction of radioactivity lost per unit time in each sample. The Na+ content of yeast of known weight and radioactivity was measured on the Beckman flame spectrophotometer and the specific radioactivity of the Na+ calculated. The Na+ content of the yeast was then expressed as m-equiv./kg. of centrifuged yeast and the efflux as m-equiv./kg. of centrifuged yeast/min. Thus it was possible to relate the internal Na+ content to the efflux at any time and, when the results were plotted on a double-logarithmic scale, to examine the slope of the curves.
Measurement of Na+ extrusion from an Na+-rich frog muscle. The sartorius muscle of the frog Rana temporaria was used throughout. All the Ringer fluid used had the general composition of the Ringer-Conway fluids (Boyle & Conway, 1941) . After careful dissection the muscles were made Na+-rich by immersion, usually overnight at 0-4°, in approx. lOml. of K+-free Ringer-Conway fluid containing 120mM-Na+. Some muscles were analysed for Na+ and K+ immediately after immersion and their companion muscles were reimmersed at room temperature in a recovery Ringer-Conway fluid containing 104mM-Na+ plus 10mM-266 1968 K+. Before Na+ and K+ analysis, the muscles were removed from their immersion fluids and the excess of moisture was removed by blotting very gently on filter paper moistened with the immersion fluid. They were then carefully weighed (the average weight was about 90mg.) and digested in approx. 1 ml. of conc. HNO3. When digestion was complete the residue was taken up in deionized water and suitably diluted for analysis on the Beckman flame spectrophotometer.
Measurement of 22Na+ effluxfrom an Na+-richfrog muscle.
The methods and Ringer fluids used to examine 22Na+ efflux from an Na+-rich sartorius muscle of Rana temporaria were those used by Keynes & Swan (1959) with a few alterations in Ringer composition as described by Keynes (1965) .
RESULTS
Demon8tration of an Na+ pump in yeast. The direct measurement of the electrochemical potential across the tough yeast cell membrane would obviously be much more difficult than with the soft and relatively long skeletal-muscle fibre. The matter has been approached indirectly as follows.
The passage and direction of labelled Na+ and K+ across the yeast cell membrane were measured under certain conditions of relative concentration. These conditions consisted first in the preparation of yeast in which there existed roughly equal concentrations of Na+ and K+, as described in the Methods section, with an Na+ and K+ content within the range 60-80m-equiv./kg. of centrifuged yeast. Either the Na+ or K+ within this yeast was labelled and after suitable washing and centrifuging the yeast was suspended in a fluid containing 0.1 M-sodium chloride plus 0-1 M-potassium chloride, the Na+ and K+ in this fluid being labelled as might be experimentally required.
When the yeast K+ was labelled and the cells were suspended in the above solution, the external Na+ and K+ being unlabelled, less than 3% of the intracellular K+ emerged into the suspending fluid over 3hr. (Conway et al. 1954) . On the other hand these same authors have shown that, if the external K+ was labelled (the internal Na+ and K+ being unlabelled), a relatively large amount of K+ entered over the same period. The reverse was true of Na+. If the yeast Na+ was labelled, the external Na+ being unlabelled, Na+ emerged in quantity over 3 hr.; whereas if the yeast Na+ was unlabelled, the external Na+ being labelled, no entrance of Na+ was evident over 3 hr. Thus in this type of experiment the two ions were unidirectional in passage and the outward movement of Na+ was balanced by an inward movement of K+.
The evidence necessitates the selective action of an Na+ pump excreting Na+ but not K+ outwards from the cells.
In a second type of demonstration it has been shown that certain substances in low concentration Time (hr.) Fig. 1 . Percentage extrusion of Na+ from an Na+-rich yeast into a medium containing 104mM-NaCl, l0mM-KCl and 5% (w/v) glucose and buffered with O lM-tris to pH7.5. O, Control; *, 041M-iodoacetate; A, OOlmM-mercuribenzoate; A, lmM-o-phenanthroline; *, lmM-N-ethylmaleimide.
can greatly inhibit the action of the Na+ pump in the skeletal-muscle fibre. Among these are iodoacetate, mercuribenzoate, o-phenanthroline, N-ethylmaleimide and ouabain (Carey, Conway & Kernan, 1959; Kernan, 1962) . These various substances (with the exception of ouabain) were found to inhibit the excretion of Na+ from Na+-rich yeast. Ouabain is an interesting exception, which cannot be easily attributed to a permeability effect since in fermenting yeast the size of the molecule may be expected to prove no more a barrier to entrance than is the membrane of skeletal muscle. Fig. 1 shows the effect of various inhibitors on the excretion of Na+ from an Na+-rich yeast.
Measurement of the activity of the Na+ pump in yeast. A comparison was made between the speed of the excretion of Na+ from yeast and from skeletal muscle at room temperature and similar intracellular concentrations.
The yeast was loaded with Na+ in the usual way by fermenting it with 20vol. of 5% (w/v) glucose in 0 2M-sodium citrate, carried out as described in the Methods section. The sartorius muscle of the frog was loaded with Na+ by suspending it overnight at 0-4°in K+-free Ringer fluid containing 120 mM-Na+.
After the loaded yeast had been washed and centrifuged it was suspended in a solution containing 104mm-Na+ and 10mM-K+ at room temperature, and the excretion of Na+ was observed after lhr.
Similarly, muscle was immersed in Ringer fluid containing 104mM-Na+ and 10mM-K+ and the excretion of Na+ was observed after 1 hr. Internal concn. of Na+ (m-equiv./kg.) Fig. 4 . Efflux-concentration curves for an Na+-rich muscle in LiCl medium, plotted on a linear (a) and a doublelogarithmic (b) scale. The efflux solution contained 111-2mM-LiCI, 1OmM-KCl and 1-8mM-CaCI2 at pH7-4, this pH being obtained byadding O-55mm-potassium phosphate buffer, pH7-6. The muscle spent 8hr. at 2°inaK+-free loading fluid containing 111-2mM-NaCi, 1-8mm-CaCI2 and 1-37mm-sodium phosphate buffer, pH7-6, and then a further 16hr. in the same fluid to which was added 1 part of a 22NaCl sample/100 parts. Before the collecting periods into LiCl medium were begun, the intracellular radioactivity was washed out by soaking in the same non-radioactive K+-free solution for 2hr. at room temperature (180). The results are a mean of two experiments with the sartorius muscle of Rana temporaria.
Relation between rate of Na+ effiux and concentration of Na+ in yeast. This was investigated with Na+-rich and labelled yeast in amounts of about 100mg. (centrifuged yeast) freely suspended in successive 6ml. samples of non-radioactive Na+-free solutions; the rest of the method was as described in the Methods section. The Na+-free solutions contained either lithium chloride (104mM) or choline chloride (104mM) with potassium chloride (lOnmi) plus glucose (5%, w/v). It is noteworthy that the Na+ efflux into a lithium chloride medium was less than into a choline chloride medium, the difference being more marked at higher internal Na+ concentrations. A similar observation has been made with frog muscle by Keynes & Swan (1959) . Fig. 2(a) shows the effluxes of Na+ into lithium chloride and choline chloride media plotted against the corresponding concentrations in the cells. Fig. 2(b) gives the same results with the efflux rates and concentrations plotted on a double-logarithmic scale.
In Table 2 .
DISCUSSION
It would seem that with yeast cells Na+ extrusion can occur at much lower internal Na+ concentrations than with frog muscle. Normally with Na+-rich muscle excretion of Na+ came to an end after 2 hr., the muscle Na+ content then being approx. 39m-equiv./kg. When frog blood plasma was incorporated into the reimmersion fluid Na+ excretion was found to continue until the muscle content reached 26m-equiv./kg., i.e. close to the normal muscle content of Na+ in vivo, which is 24m-equiv./kg. (Liddane, 1965) . It may be mentioned that the normal intrafibre Na+ content is approx. 3m-equiv./kg. (Conway, 1957) , the free intercellular-space Na+ being 13m-equiv./kg.; the extra Na+, which is considered to occupy the sarcolemma, is about 7-8m-equiv./kg. A relatively high content of Na+ in the sarcolemma has been demonstrated by Zadunaisky (1966) .
The Na+ pump in yeast is inhibited by small amounts of inhibitors found to be similarly effective in muscle. As mentioned above, ouabain is an exception. This is ineffective in yeast at a concentration of IO UM, which causes practically full inhibition of Na+ excretion in muscle. It would therefore suggest that the mechanism for the Na+ pump in yeast is not dependent on the activity of an adenosine triphosphatase activated synergistically by Na+ and K+. Working with the sartorius muscle of Rana pipien8, and with choline Ringer as the Na+-free medium, Mullins & Frumento (1963) formulated the Na+-carrier reaction as:
3 Na+ + X = Na3X3+ and derived from this an equation that gave a sigmoid curve, with a half-saturation of about 17m-equiv./1. of fibre water, and that fitted the experimental points quite closely up to about 80% of the maximum efflux. Similar results to these have been described by Dick & Lea (1964) working with toad oocytes. With regard to the relationship between the efflux of labelled Na+ and the internal Na+ concentration, Keynes (1965) noted that a cubic relationship only held for freshly dissected muscles. If the muscles were first enriched with Na+ by immersing them in a K+-free medium, the steepest part of the efflux-content curve had a slope of only 1-9. If, however, the muscles were loaded with Na+ to a smaller extent, so that the initial fluxes were somewhat below the saturation level, the maximum slopes could be increased to 2-8. Harris (1965) noted, from his results on fluxes into a Na+-free medium, that between Na-contents of 1 and 3m-equiv./kg. the Na+ efflux depended on a power of between 2 and 3 of the Na+ content. There followed a roughly linear dependence tending towards a saturation when the internal Na+ content was about lOm-equiv./kg. The efflux into various media was found to be increased by the presence of external K+. We have confirmed these observations made with frog muscle. A cubic relationship was found to exist for the efflux-content curves at a concentration below 10m-equiv./kg. (4m-equiv./l. of fibre water), with the efflux tending towards a saturation at an internal Na+ concentration of 20m-equiv./kg. (19m-equiv./l. of fibre water).
With freely suspended Na+-rich yeast cells, in a medium in which Li+ replaced Na+, the slope of the line on a double-logarithmic plot at internal Na+ concentrations up to 15m-equiv./kg. was 1-8. At concentrations between 15 and 25m-equiv./kg. the slope of the line reached its highest value of 3-7 and then declined as a saturation level was approached. When choline was used to replace the external Na+, at the lower internal Na+ concentrations in yeast (below 15m-equiv./kg.) the slope of the line was again 1-8; it increased to 3-0 at concentrations between 15 and 25m-equiv./kg. and then declined markedly towards an efflux saturation at about 40m-equiv./kg. This would give a half-saturation value of approx. 20m-equiv./kg. (36m-equiv./l. of cell water), which is twice the half-saturation value obtained for similar experiments on frog sartorius muscle. When the yeast was suspended in celloidin sacs the slopes of the efflux-content curves were not so well definable. The highest slope obtained was 270 1968 Vol. 107
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2-8, and saturation of the efflux occurred when the internal Na+ concentration was greater than 50m-equiv./kg. Experiments with Na+-rich yeast on the effect of a change in the external Pco, indicated that there was no appreciable change in the slope of the double-logarithmic plot of the efflux-content curves into an Na+-free lithium chloride solution on equilibration with 0%, 5 % or 100% carbon dioxide. However, there was on average a decrease of 40% in the actual amount of Na+ efflux when the solution was equilibrated with 100% carbon dioxide. The effect of external K+ on the Na+ efflux relationship showed that an increased external K+ concentration increased the saturation value of the Na+ efflux. It was found that on raising the external K+ concentration from zero to lOm-equiv./l. the saturation value was roughly doubled.
